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Abstract
During ﬂoral induction and ﬂower development plants
undergo delicate phase changes which are under tight
molecular control. MADS-box transcription factors
have been shown to play pivotal roles during these
transition phases. SHORT VEGETATIVE PHASE (SVP)
and AGAMOUS LIKE 24 (AGL24) are important regu-
lators both during the transition to ﬂowering and
during ﬂower development. During vegetative growth
they exert opposite roles on ﬂoral transition, acting as
repressor and promoter of ﬂowering, respectively.
Later during ﬂower development they act redundantly
as negative regulators of AG expression. In rice, the
orthologues of SVP and AGL24 are OsMADS22,
OsMADS47, and OsMADS55 and these three genes
are involved in the negative regulation of brassinoste-
roid responses. In order to understand whether these
rice genes have maintained the ability to function as
regulators of ﬂowering time in Arabidopsis, comple-
mentation tests were performed by expressing
OsMADS22 and OsMADS47 in the svp and agl24
mutants. The results show that the rice genes are not
able to complement the ﬂowering-time phenotype of
the Arabidopsis mutants, indicating that they are
biologically inactive in Arabidopsis. Nevertheless, they
cause ﬂoral reversions, which mimic the SVP and
AGL24 ﬂoral overexpressor phenotypes. Yeast two-
hybrid analysis suggests that these ﬂoral phenotypes
are probably the consequence of protein interactions
between OsMADS22 and OsMADS47 and other
MADS-box proteins which interfere with the formation
of complexes required for normal ﬂower development.
Key words: Arabidopsis, ﬂoral reversion, ﬂoral transition,
MADS, rice.
Introduction
Functional analysis by molecular genetic studies in model
eudicots such as Arabidopsis thaliana, have shown that
MADS-box transcription factors are essential for the
regulation of various aspects of plant development.
MADS-box transcription factors controlling ﬂower de-
velopment have been intensively studied and it has been
proposed that they are the major driving force behind
ﬂoral diversity (Kater et al., 2006; Theissen et al., 2000).
A conserved set of MADS-box proteins regulate ﬂower
development in monocots and dicots and the development
of the ﬂoral organs is probably controlled by common
underlying molecular mechanisms. For this reason, it is
interesting to study MADS-box gene functions in species
that are distantly related to Arabidopsis, since this will
provide information about functional conservation and
diversiﬁcation. The monocot species rice is a good model
for these comparative studies since Arabidopsis and rice
separated about 150 million years ago (Theissen et al.,
2000). Furthermore, the rice genome sequence is available
and an extensive set of tools for functional genomics has
been developed (Theissen et al., 2000; Goff et al., 2002;
JY uet al., 2002; Kater et al., 2006).
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during the plant life-cycle is the ﬂoral transition. Induction
of the inﬂorescence fate at the shoot apical meristem must
be tightly controlled to coincide with conditions that are
favourable for the production of seeds and fruits. There-
fore, ﬂowering at the right time requires the perception and
processing of a diverse range of environmental and internal
signals (daylength, light-quality, temperature, hormones),
which must be integrated in order to decide the appropriate
time for ﬂowering. The interaction of the plant with the
environment and the interpretation of the signals at the
molecular level have been well analysed in Arabidopsis
using molecular genetic approaches. Genetic analysis
resulted in the identiﬁcation of ﬂowering time mutants that
were subsequently assigned to four major genetic path-
ways: the photoperiod and vernalization pathways mediate
the response to environmental cues and the autonomous
and the gibberellin (GA) pathways act largely indepen-
dently from these external signals (see reviews by
Komeda, 2004; Putterill et al., 2004; He and Amasino,
2005). These pathways quantitatively regulate a set of
common targets, the ﬂoral pathway integrators, whose
activities are required at the shoot apical meristem to
regulate a correct transition to the reproductive phase
(reviewed in Parcy, 2005).
The two closely related Arabidopsis MADS-box genes
AGL24 and SVP are examples of genes controlling the
ﬂoral transition. Despite their extensive sequence similar-
ity, they have opposite roles in the control of the ﬂoral
transition. While AGL24 acts as a promoter of this process
(Michaels et al., 2003; H Yu et al., 2002), SVP is a dosage-
dependent repressor of ﬂowering (Hartmann et al., 2000;
Lee et al., 2007). Consistent with its role as a promoter of
ﬂoral transition, expression of AGL24 under the control of
the CaMV 35S promoter accelerates ﬂowering. However,
these transgenic plants also display ﬂoral abnormalities
including alterations in ﬂoral organ number and the
appearance of chlorophyll-containing petals (Michaels
et al., 2003; H Yu et al., 2004). The most striking feature
of these plants is the partial reversion of ﬂoral meristems
into inﬂorescence shoots which mimics the ap1 pheno-
type. The ﬂoral meristem that in wild-type plants develops
into a single ﬂower, in the ap1 mutant often generates
extra secondary ﬂowers in the axils of the sepals (Mandel
et al., 1992). The observed phenotypes in the 35S::AGL24
plants suggest that AGL24 promotes inﬂorescence identity
when it is expressed out of its correct spatial and temporal
domains.
Functional analysis of the Arabidopsis SVP gene has
shown that its ectopic expression causes late ﬂowering
(Masiero et al., 2004). SVP represses FLOWERING
LOCUS T (FT) expression by directly binding to a CArG
box motif in the FT promoter, thus blocking the
expression of this ﬂoral stimulus in the leaf (Lee et al.,
2007). During inﬂorescence and ﬂower development
overexpression of SVP causes the conversion of sepals
and petals into leaf-like structures and the formation of
inﬂorescence-like shoots within ﬂowers in a manner
similar to that of 35S::AGL24 plants (Masiero et al.,
2004; Liu et al., 2007).
Recently it has been shown that AGL24 and SVP
redundantly regulate AGAMOUS (AG) expression during
the early stages of ﬂower development (Gregis et al.,
2006). The repression of AG during the initial phases of
ﬂower development is probably retained by a higher-order
complex which contains AGL24 (or SVP), AP1, LEU-
NIG, and SEUSS. These data show that AGL24 and SVP
have multiple functions, regulating both the timing of
ﬂoral transition and, later, a correct ﬂower development.
Phylogenetic analyses showed that AGL24 and SVP
belong to the StMADS11 clade of the MADS-box gene
family (Becker and Theissen, 2003; Garcia-Maroto et al.,
2000). Several other MADS-box factors are part of this
subfamily including (i) the widely expressed tomato gene
JOINTLESS which suppresses the formation of pedicel
abscission zones (Mao et al., 2000), (ii) the barley gene
BM1 whose transcripts accumulate at high levels in both
internodes and nodes (Schmitz et al., 2000), and (iii)
INCO from Antirrhinum majus which is required for
prophyll and ﬂoral meristem development (Masiero et al.,
2004). Interestingly, ectopic expression of INCO, BM1 or
BM10 in Arabidopsis causes ﬂoral reversion and enhance-
ment of vegetative traits in the ﬂower similar to those
observed in 35S::SVP and 35S::AGL24 plants.
StMADS11-like genes from dicot and monocot species
seem, therefore, to be capable of interfering with normal
ﬂower development, converting ﬂower primordia into
inﬂorescence-like structures via a so-far unknown mecha-
nism.
In rice, there are three StMADS11-like genes which are
OsMADS22, OsMADS47, and OsMADS55. Recently, the
function of these three genes has been assessed and it has
been shown that they are negative regulators of brassino-
steroid responses (Duan et al., 2006; Lee et al., 2008).
Despite the fact that these genes do not seem to be
involved in ﬂowering time in rice, we were, based on their
similarity to the Arabidopsis AGL24 and SVP genes,
curious whether they could still complement for loss of
SVP and AGL24 function. The complementation tests
showed that OsMADS22 and OsMADS47 are unable to
reverse the ﬂowering-time phenotypes of the svp and
agl24 mutants. However, the expression of these genes in
Arabidopsis resulted in alterations in ﬂower development
similar to those observed in SVP and AGL24 overexpress-
ing lines. Furthermore, yeast two-hybrid analyses to test
MADS-box protein interactions showed that the rice
proteins interacted with the same Arabidopsis proteins as
SVP and AGL24. These data indicate that, although the
overexpression of OsMADS22 and OsMADS47 causes the
same ﬂoral phenotypes as the overexpression of
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phology does not reﬂect the underlying biological func-
tion of these proteins, but is caused by inappropriate
protein–protein interactions that disturb normal ﬂower
development.
Materials and methods
Sequence analysis
Protein sequences were aligned according to Fornara et al. (2004).
Plasmids construction
OsMASD22 cDNA was ampliﬁed with primers OL622 and OL624
(OL622 CCATGGGGCGGGAGAGGCGGGAGATAAAGAGGAT;
OL624 GGATCCTTACTTCCATGCACCACAAGG) to introduce
the cloning sites NcoIa n dBamHI. Ampliﬁcation was followed by
digestion, and the DNA fragment was sequenced and cloned in
a modiﬁed version of the pUCAP19, in which are present the double
CaMV 35S promoter and the 265 bp CaMV 35S terminator
sequence fragment at the 3# end. The 35STOsMADS22 gene was
introduced into the plant transformation vector pCAMBIA 1300.
To construct the 35STOsMADS47 overexpression plasmid, the
cDNA was ampliﬁed with primers OsP22 and OsP31 (OsP22
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGA-
TAGAACCATGGCTGGCGGCGGCGGTGGCGGG, OsP31 GGG
GACCACTTTGTACAAGAAAGCTGGGTCAGTTTTAGTTTCC-
AGCCATCAC) containing the GATEWAY  attB sites and sub-
sequently sequenced. The binary vector for the overexpression of
OsMADS47 was obtained by LR reaction between the destination
vector pGD12 and the entry clone pDONR207 carrying the
OsMADS47 open reading frame.
Genetic stock and plant material
Overexpression of OsMADS22 and OsMADS47 in Arabidopsis was
carried out in the Columbia (Col-0) ecotype. The Arabidopsis
agl24-2 and svp-41 mutants (ecotype Columbia) have been kindly
given by RM Amasino and P Huijser, respectively. The agl24-2
allele is an En transposon line, and genotyping of the alleles was
performed as described previously (Michaels et al., 2003). In the
svp-41 mutant, a 2 bp deletion causes a frame shift (Hartmann et al.,
2000). Genotyping of SVP alleles was performed as described
previously (Gregis et al., 2006).
Production and growth of transgenic plants
Arabidopsis was transformed according to the ﬂoral dip method as
described by Clough and Bent (1998). The plants were grown at 22
 C under long-day conditions (16/8 h light/dark).
Scanning electron microscopy
Samples were prepared and analysed as described previously by
Favaro et al. (2003). Samples were covered with gold using a sputter
coater (Nanotech, SEMPREP2) and observed with a LEO 1430
scanning electron microscope (LEO Electron Microscopy, Thorn-
wood, NY).
In situ hybridization and northern blotting
Total RNA was extracted from Arabidopsis and rice tissues as
described by Verwoerd et al. (1989). For northern blot analysis
10 lg of glyoxal-denatured total RNA was electrophorized and
blotted onto Hybond N
+ membranes (Amersham, Buckinghamshire,
UK). A 3# gene-speciﬁc fragment of OsMADS22 and OsMADS47
was used for hybridization. Probes were labelled using the Random
Priming DNA labelling kit supplied by Roche (Basel). For the
in situ hybridization, Arabidopsis ﬂowers were ﬁxed and embedded
in parafﬁn as described previously (Lopez-Dee et al., 1999).
Digoxigenin-labelled gene-speciﬁc antisense RNA probes were
generated by in vitro transcription following the instructions of the
in vitro transcription kit (Roche). The probes used to detect SVP
and AP1 have been described previously by Hartmann et al. (2000)
and Mandel et al. (1992), respectively. Hybridization and immuno-
logical detection were performed as described previously (Fornara
et al., 2004).
Yeast two-hybrid assay
The OsMADS22 and OsMADS47 open reading frames were
generated by polymerase chain reaction (PCR) and subsequently
cloned into pDONR201 (Invitrogen). Each clone was recombined
with the GATEWAY  destination vectors pDEST
 32 (pBDGAL4,
bait) and pDEST
 22 (pADGAL4, prey) from Invitrogen. All the
generated bait vectors were transformed into yeast strain PJ69-4a
and all prey vectors into strain PJ69-4a (James et al., 1996) and the
transformants selected on SD plates lacking Leu and Trp, re-
spectively. Subsequently, the obtained bait plasmids containing the
full-length sequences of OsMADS22 and OsMADS47 were tested
for autoactivation of the yeast reporter genes. All OsMADS proteins
were tested for heterodimerization capacity in a yeast two-hybrid
assay against some of the clones of the ‘pBDGAL4-Arabidopsis
MADS’ collection (de Folter et al., 2005). AP1 shows high
autoactivation activity when used as bait in the BD-vector, making
it impossible to test these interactions. To overcome this problem
a deletion construct encoding 1–196 bp of AP1 (AP1D1),
eliminating the trans-activating terminus (Pelaz et al., 2001) was
tested. Two-hybrid interactions were assayed on selective YSD
media lacking Leu, Trp, and Adenine, and selective YSD media
lacking Leu, Trp, and His supplemented with different concen-
trations of 3-AT (1, 3, or 5 mM).
Results
Rice MADS-box genes belonging to the StMADS11
clade
OsMADS22 and OsMADS47 are MADS-box genes in-
itially isolated during the screening of a rice cDNA library
as previously described by Pelucchi et al. (2002). Seq-
uence comparison of the putative protein sequences with
other published MADS-domain proteins indicates that
OsMADS22 and OsMADS47 show extensive similarity
to StMADS11-like proteins. High sequence similarity
(around 65%) is observed with SVP of Arabidopsis (see
Supplementary Table S1 at JXB online).
OsMADS55, a third rice protein belonging to the
StMADS11 subfamily has been identiﬁed more recently
(Arora et al., 2007; Lee et al., 2003) and shares 60%
amino acid similarity to SVP and AGL24. OsMADS22
shares high homology with OsMADS55, namely 71%
amino acid identity and 80% similarity, whereas
OsMADS47 shares 48% amino acid identity and 64%
similarity. Figure 1 shows an alignment for the predicted
amino acid sequences of OsMADS22, OsMADS47, and
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the potato proteins StMADS11 and StMADS16, and BM1
and BM10, two barley MADS-box factors falling in the
StMADS11 clade (Carmona et al., 1998; Garcia-Maroto
et al., 2000). The analysis was focused on OsMADS22
and OsMADS47, since they represent members of the two
subclades of the monocot StMADS11 genes, one subclade
comprises OsMADS47 and the other OsMADS22 and
OsMADS55 (Sentoku et al., 2005). Furthermore,
OsMADS22 and OsMADS47 are most similar to SVP and
AGL24 (see Supplementary Table S1 at JXB online).
The expression proﬁle of OsMADS47 was analysed in
different tissues and it was found that its transcripts are
restricted to mature leaves (Fig. 2A). According to
published data, OsMADS22 is expressed in leaves and
reproductive tissues (Lee et al., 2003; Arora et al., 2007).
However, for Sentoku et al. (2005), OsMADS22 expres-
sion was excluded from expanding leaf blades, although
a weak expression was still detected in tissues enriched in
vegetative shoot meristems that presumably contained
developing leaves.
To investigate the OsMADS22 expression in more
detail, in situ analysis was performed on vegetative tissues
which conﬁrmed that OsMADS22 is expressed in the
vegetative meristem and young developing leaves (Fig. 2B).
Furthermore, at the early stages of inﬂorescence develop-
ment, OsMADS22 transcripts can be detected in primary
rachis-branch meristems (Fig. 2C).
Expression of OsMADS22 and OsMADS47 in
Arabidopsis does not rescue the svp and agl24 mutant
phenotypes
To investigate whether there is conservation of the
biological activities between rice and Arabidopsis
StMADS11 subfamily members, complementation tests
were performed using the well-characterized Arabidopsis
svp and agl24 ﬂowering time mutants. For these experi-
ments the open reading frames of OsMADS22 and
OsMADS47 were fused to the 35S CaMV promoter and
used to transform the Arabidopsis svp-41 and agl24-2
mutants (see Materials and methods). Mutations in svp
cause early ﬂowering compared with Arabidopsis wild-
type plants, whereas agl24 is a late-ﬂowering mutant
(Hartmann et al., 2000; Michaels et al., 2003; Liu et al.,
2007). Both phenotypes are evident under LD or SD
conditions.
Fig. 1. Sequence alignment of MADS-box proteins belonging to the StMADS11 subclade. Sequences of SVP and AGL24 of Arabidopsis,
OsMADS22, OsMADS47, and OsMADS55 of rice, BM1 and BM10 of barley, and StMADS11 and StMADS16 of potato were used. Black boxes
indicate fully conserved residues; shaded boxes indicate similar and partially conserved residues. The MADS-box region spans amino acids 1 to 58.
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35S::OsMADS47) about 10 T1 transgenic lines were
generated in the wild-type, agl24, and svp mutant back-
grounds. These primary transformants were tested for the
presence of the transgene by PCR and expression levels of
OsMADS22 and OsMADS47 were analysed by northern
blot analysis (see Fig. 3 as an example of this analysis).
Subsequently, at the T2 generation, those lines segregating
the transgene in a 3:1 ratio were selected. Flowering time
was determined at the T3 generation by scoring the total leaf
number of at least 12 individuals homozygous for the
overexpression cassette. Data for two independent transgenic
lines are shown (Fig. 4). Neither OsMADS22 nor
OsMADS47 are able to complement the ﬂowering time
phenotypes of the svp and agl24 mutant alleles.
Overexpression of OsMADS22 and OsMADS47 in
Arabidopsis phenocopies SVP and AGL24
overexpression
Plants overexpressing SVP or AGL24 develop aberrant
ﬂowers in which the vegetative traits are enhanced (Liu
et al., 2007). 35S::AGL24 plants often show ﬂoral
reversion with the central primary ﬂower forming extra
secondary ﬂowers in the axils of leaf-like sepals (H Yu
et al., 2002, 2004; Liu et al., 2007). In addition, 35S::SVP
plants form shoot-like structures which occasionally de-
velop stamens or carpelloid leaves (Masiero et al., 2004;
Liu et al., 2007).
Analysis of the ﬂowers of Arabidopsis plants expressing
OsMADS22 and OsMADS47 showed that they caused
severe ﬂoral abnormalities similar to those observed in
plants that overexpress SVP or AGL24 (Fig. 5). The
severity of the observed ﬂoral phenotypes correlated well
with the level of OsMADS22 and OsMADS47 expression
and, in the rest of this description, we refer to those plants
that showed the most severe phenotypes.
Young ﬂower buds that develop on wild-type plants are,
prior to anthesis, completely enclosed by sepals that bear
few or no trichomes on their epidermis (Fig. 5A, B). By
contrast 35S::OsMADS22 plants form leaf-like sepals
which develop several trichomes on their adaxial side and
these leaf-like sepals are not able to enclose the inner
developing organs completely (Fig. 5C, D). Petals are
Fig. 2. Expression of OsMADS47 and OsMADS22 in rice. (A)
Northern blot hybridized using an OsMADS47 speciﬁc probe. The
RNA samples are derived from wild-type Nipponbare roots (R), mature
leaves (L), inﬂorescences (I), and developing kernels (DK). (B, C) In
situ hybridizations using wild-type Nipponbare apical sections probed
with an OsMADS22 antisense probe. (B) Expression in a vegetative
shoot apical meristem (sam). (C) Expression in an early inﬂorescence
meristem (pm, panicle shoot meristem). The signal is detected
throughout the shoot apex and in primary rachis–branch meristems
(arrows).
Fig. 3. Northern blot analysis of plants expressing 35S::OsMADS22 in
wt Col-0 and the svp and agl24 mutants. The RNA samples were
prepared from young leaves of four independent T1 transgenic plants for
each genotype and tested for the expression level of OsMADS22.
Numbers on the top of each lane indicate the transgenic line number.
Note the variability in expression level, ranging from plants that do not
express OsMADS22 to plants that express it at a very high level. Only
plants expressing the transgene at a high level were used in subsequent
analyses.
Fig. 4. Flowering time of Arabidopsis plants overexpressing
OsMADS22 and OsMADS47 in wt Col-0, svp-41, and agl24-2. Two
independent transgenic lines were tested for each construct. Flowering
was determined as the rosette leaf number at bolting of at least 12
individuals per genotype. Error bars indicate the standard deviation
from the mean.
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In contrast to wild-type petals, they do not detach from the
ﬂower but remain attached until the late stages of ﬂower
development (Fig. 5E).
To investigate the leaf-like sepals in more detail, SEM
analysis was performed using ﬂowers of 35S::OsMADS22
plants (Fig. 5J–L). In wild-type plants, the sepal epidermis
is characterized by different cell types, some of which are
very elongated (Fig. 5J). Cells on the adaxial surface of
a wild-type leaf show a characteristic interlocked and
sinuous shape (Fig. 5K). In 35S::OsMADS22 plants the
cells were identical in shape to those of the leaf epidermis
(Fig. 5L). From these observations it can be concluded
that the ﬁrst and second whorl organs of ﬂowers
expressing OsMADS22 show vegetative characters in-
dicating that ﬂoral identity is not completely established
in the ﬁrst two whorls. Overexpression of OsMADS47
causes similar alterations in ﬂower development as
observed in OsMADS22 expressing plants (Fig. 5F–H).
However, some transgenic lines develop aberrant ﬂowers
in which the reversion effect is more severe (Fig. 5G).
These plants generated a central primary ﬂower with extra
secondary ﬂowers in the axils of the leaf-like sepals and
often extra ﬂowers reiterated this pattern producing
a highly branched ﬂoral structure (Fig. 5H).
In both 35S::OsMADS22 and 35S::OsMADS47 the leaf-
like structures subtending the ﬂower did not senesce after
fertilization, but rather remained attached at the base of
the developing silique (Fig. 5E, I). Furthermore, these
leaf-like organs continue to expand during ﬂower de-
velopment and after anthesis.
Interestingly, plants overexpressing the rice genes show
a delay in senescence, which was clearly observed in
ﬂowers in which was measured a slower maturation rate,
as determined by the number of days from anthesis to
senescence of the siliques (Fig. 5M).
These phenotypes could indicate that either a partial
conversion of the ﬂoral meristem into an inﬂorescence
Fig. 5. Morphological analysis of OsMADS22 and OsMADS47 expressing plants. (A, B) Wild-type Columbia inﬂorescence and ﬂower at anthesis.
(C, F) 35S::OsMADS22 (C) and 35S::OsMADS47 (F) inﬂorescences. (D, G) Flowers of 35S::OsMADS22 (D) and 35S::OsMADS47 (G) at anthesis.
Note the abundance of trichomes on sepals and the presence of an ectopic ﬂower inside the 35S::OsMADS47 ﬂower (indicated with an arrow). A
sepal was removed in (G) to visualize the inner organs better. (H) A mature 35S::OsMADS47 ﬂower producing extra ﬂowers from the axil of leaf-like
sepals. The primary ﬂower is indicated by an arrow. Extra ﬂowers are developing on long pedicels and secondary ﬂowers reiterate the pattern shown
by the primary one. (E, I) Mature inﬂorescences of 35S::OsMADS22 (E) and 35S::OsMADS47 (I), respectively. The sepals converted into leaves are
retained on the ﬂower after fertilization. (J–L) SEM analysis on the epidermis of a wild-type sepal (J), a wild-type cauline leaf (K) and
a 35S::OsMADS22 sepal (L), respectively. The epidermis of 35S::OsMADS22 sepals resembles that of wild-type leaves (bars ¼ 50 lm). (M) Graph
showing the maturation of the siliques of 35S::OsMADS22 and 35S::OsMADS47 as determined by the number of days from anthesis to the beginning
of senescence of the valves (mean 6standard deviation).
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identity results in the enhancement of the vegetative traits
of the ﬂower.
AP1 expression is not affected in reverted ﬂowers
The ﬂoral phenotypes observed in plants expressing
OsMADS22 or OsMADS47 suggest that in these trans-
genic plants ﬂower identity is not fully maintained,
resulting in perianth organs showing vegetative characters
and ﬂowers developing inﬂorescence-like structures. Sev-
eral genes are required for the proper establishment of the
ﬂower primordium. Among these, AP1 plays a major role
in determining the identity of the ﬂoral meristem and ap1
mutants fail to establish the ﬂoral primordium completely,
developing shoot features (Mandel et al., 1992). The
observed reversion to the inﬂorescence state as observed
in our Arabidopsis lines expressing OsMADS22 and
OsMADS47 are very similar to those observed in the ap1
mutant. Therefore, these phenotypes could be explained
by the down-regulation of AP1 in the emerging ﬂower
primordia. This was investigated by in situ hybridizations
using inﬂorescences of plants expressing OsMADS47,
since the expression of this gene induced the most
dramatic phenotypes in Arabidopsis ﬂowers. AP1 tran-
scripts are detectable throughout the ﬂoral meristem and
in sepals and petals (Fig. 6A). Similarly to the wild-type
situation, in 35S:OsMADS47 plants AP1 retains a normal
expression proﬁle (Fig. 6B). These data indicate that the
ﬂoral reversion phenotype is not caused by an incorrect
expression of AP1.
OsMADS22 and OsMADS47 interact with Arabidopsis
MADS-box proteins that interact with AGL24 and SVP
MADS-box proteins have the potential to form homo- or
heterodimers and to build higher-order complexes with
other MADS and non-MADS proteins (Egea-Cortines
et al., 1999; Honma and Goto, 2001; Theissen and
Saedler, 2001; de Folter et al., 2005; Gregis et al., 2006;
Brambilla et al., 2007). Differential expression proﬁles of
putative interacting MADS-box protein partners is proba-
bly one of the mechanisms which establish particular
developmental and tissue-speciﬁc interactions to regulate
speciﬁc target genes (de Folter et al., 2005). Our experi-
ments showed that OsMADS22 and OsMADS47 are not
able to complement the svp and agl24 mutant phenotypes,
although their expression in Arabidopsis causes ﬂoral
phenotypes that closely resemble those of SVP and
AGL24 ectopic expression. Furthermore, these phenotypes
do not seem to be the consequence of AP1 deregulation.
Therefore, it was investigated whether the ﬂoral pheno-
types are due to interactions between OsMADS22 or
OsMADS47 and endogenous MADS-box proteins that
also interact with AGL24 and SVP. To test this, GAL4-
based yeast two-hybrid experiments were performed to
assay interactions between OsMADS22 and OsMADS47,
and MADS-box proteins that are known to interact with
SVP and AGL24 (de Folter et al., 2005). This experiment
might not only provide a molecular explanation for the
ﬂoral phenotypes that were observed in OsMADS22- and
OsMADS47-expressing Arabidopsis plants but will also
explore the evolutionary conservation of the ability to
interact with speciﬁc MADS-box proteins.
The coding sequences of OsMADS22, OsMADS47, SVP,
AGL24, and the putative partners of the latter two, which
are AP1, FUL, SEP3, AGL14, AGL15, SOC1, and AGL21,
were fused to the BD and AD domains and tested for their
ability to interact (Table 1). These assays showed that both
OsMADS22 and OsMADS47 are able to interact with all
the putative Arabidopsis partners of SVP and AGL24,
suggesting that the domains in the rice and Arabidopsis
StMADS11 proteins that are important for the interactions
have been conserved during evolution. Furthermore, the
fact that expression of the OsMADS22 and OsMADS47
proteins in Arabidopsis causes similar phenotypic effects
as those caused by ectopic AGL24 and SVP expression
suggests that, by interacting with the same partner proteins,
they might disturb proper ﬂower development.
Discussion
Functional divergence of StMADS11 subfamily
members
Members of the StMADS11 subfamily have been found in
a wide variety of species, including Arabidopsis, tomato,
Antirrhinum, rice, barley, wheat, and Lolium, which
makes it plausible that a common ancestor was present
before the separation of monocots and dicots (Masiero
et al., 2004; Kane et al., 2005; Ciannamea et al., 2006;
Quinet et al., 2006). Phylogenetic analysis shows that
SVP and AGL24 are most likely paralogous genes. SVP
and AGL24 have divergent functions during the ﬂoral
transition. AGL24 is a promoter of ﬂowering gradually
activated in the apical meristem upon transition but
Fig. 6. In situ hybridizations on sections of wild-type Columbia (A)
and 35S::OsMADS47 (B) inﬂorescence sections probed with AP1.
Numbers refer to the stage of ﬂower development according to Smyth
et al. (1990). IM, inﬂorescence meristem. Bar 50 lm.
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(H Yu et al., 2002, 2004). SVP is a ﬂoral repressor that
negatively regulates the expression of FT in the leaf by
directly binding to CArG motifs present in the promoter
and ﬁrst intron regions of the FT locus (Lee et al., 2007).
Interestingly, functional analysis has shown that during
early stages of ﬂower development SVP and AGL24 act
redundantly in the repression of AG (Gregis et al., 2006).
Multiple functions for StMADS11 clade genes from
other species have been described as well. JOINTLESS
from tomato has a role as a constitutive ﬂowering
promoter and suppresses sympodial identity in inﬂores-
cence meristems (Quinet et al., 2006; Szymkowiak and
Irish, 2006). INCOMPOSITA (INCO) from Antirrhinum
controls prophyll development but also functions as
a repressor of the ﬂoral transition and in the control of
Antirrhinum ﬂoral meristem identity (Masiero et al.,
2004). In monocot plant species, functions for StMADS11
clade genes have also been proposed. Based on expression
analyses and protein–protein interaction data it was pro-
posed that in wheat the TaVRT-2 gene encodes a putative
repressor of ﬂoral transition (Kane et al., 2005). In Lolium
perenne the product of the StMADS11-like gene
LpMADS10, binds together with LpMADS1 to the
LpMADS1 promoter of winter varieties, but not of spring
varieties, indicating that LpMADS10 is involved in the
vernalization-dependent regulation of the LpMADS1 gene
(Ciannamea et al., 2006).
The function of the three rice StMADS11 genes was
recently reported (Duan et al., 2006; Lee et al., 2008).
OsMADS55 is a major negative regulator of brassinoste-
roid responses and OsMADS22 functions to support
OsMADS55. Whereas single OsMADS55 RNAi plants
display weak brassinosteroid responses in the lamina joint,
OsMADS22/OsMADS55 double and OsMADS22/
OsMADS47/OsMADS55 triple RNAi plants manifest dra-
matic brassinosteroid responses with regard to lamina joint
inclination, coleoptile elongation, and senescence. Further-
more, stem elongation is also notably reduced in the double
and triple RNAi lines.
Our protein interaction data show that the Arabidopsis
MADS-box proteins that interact in a yeast two-hybrid
assay with AGL24 and SVP also interact with OsMADS22
and OsMADS47 of rice. Furthermore, Ciannamea et al.
(2006) showed that LpMADS10 is able to interact with
the Arabidopsis partners of AGL24 and SVP. This
strongly suggests that the interaction domains are con-
served in these proteins and the formation of speciﬁc
interactions with related partners is a conserved evolution-
ary feature. This conservation of interactions between
orthologous MADS-box proteins has been observed
before for the ovule identity genes of Arabidopsis,
Petunia, and rice (Favaro et al., 2003, 2002), and shows
that orthologous MADS-box factors maintain their protein
interaction proﬁle, irrespective of function.
To test for functional conservation between Arabidopsis
and rice StMADS11 genes, complementation tests were
performed in Arabidopsis. The Arabidopsis agl24 and svp
mutants were transformed with constructs containing the
OsMADS22 and OsMADS47 genes under the control of
the CaMV 35S promoter. These experiments clearly
showed that the rice proteins are not functional in
Arabidopsis since complementation of the ﬂowering-time
phenotype in these mutants was not observed, even
though the rice genes were expressed at high levels. This
suggests that there is conservation of the interaction
domains, but other domains important for functionality
have diverged between rice and Arabidopsis, which might
reﬂect the functional diversiﬁcation of these factors in
the two species. The variability that can be observed in the
C-terminal region of these proteins could be responsible
for such a diversiﬁcation. However, further experiments
will be needed to elucidate the relative importance of the
different domains in determining protein function.
Table 1. Heterologous yeast two-hybrid analysis
Interactions between OsMADS22 and OsMADS47 and the Arabidopsis MADS-box proteins able to interact either with SVP or AGL24. All
interaction events resulted in yeast growth on selective medium lacking adenine and/or histidine, supplemented with 3-AT at 3 mM and 5 mM. –, No
interaction; +/–, weak interaction; +, strong interaction; ++, very strong interaction.
AGL24 SVP OsMADS47 OsMADS22
AD BD AD BD AD BD AD BD
AP1 +/  +/  + + ++ + + +
FUL +   ++
SEP3 + + ++ ++
AGL14 + +/     ++ ++ + ++
AGL15    ++ + + ++
SOC1 + ++   ++ + ++ + ++
AGL21 +/  ++ /   +++ + /   +
SVP +/           +  
AGL24 + +   +/  ++++
OsMADS22 + +   +++ ++
OsMADS47 + +   ++++
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genes in Arabidopsis and other species cause similar
ﬂoral phenotypes
Accumulating data suggest that ectopic expression of
StMADS11-like genes affect ﬂower development. In barley,
overexpression of BM1 and BM10 confers vegetative
characteristics to the spikes of barley (Trevaskis et al.,
2007). Similarly, overexpression of LpMADS10 in Lolium
resulted in an aberrant, bushy inﬂorescence architecture on
which elongated and sterile spikelets develop (Petersen
et al., 2006). In the tunicate mutant of maize, kernels are
entirely wrapped by glumes and this phenotype is associated
with ectopic expression of the StMADS11-like gene ZMM19
in the ﬂower (He et al., 2004). Sentoku et al. (2005)
reported that pUbi::OsMADS22 rice plants exhibit altered
spikelet morphology such as abnormal lodicule develop-
ment, fusion of lodicules and stamens and, rarely, a two-
ﬂoret spikelet, produced at the axil of the glume on the
palea side. Furthermore, OsMADS22 overexpression lines
produce shortened panicles and stems (Lee et al., 2008).
Interestingly, the expression of monocot StMADS11 genes
in Arabidopsis caused similar ﬂoral phenotypes as observed
in this study with OsMADS22 and OsMADS47,i n
particular, leaf-like characteristics of sepals and petals and
ﬂoral reversion. However, the expression of none of these
monocot genes inﬂuenced the ﬂoral transition in Arabidop-
sis (He et al., 2004; Trevaskis et al., 2007; this study).
Interestingly the ﬂoral phenotype caused by overexpres-
sion of INCO in Arabidopsis was also similar (Masiero
et al., 2004). However, in Arabidopsis this protein is also
functionally active as a ﬂoral repressor, since 35S::INCO
Arabidopsis plants were delayed in ﬂowering. Finally,
ectopic expression of the endogenous Arabidopsis genes
AGL24 and SVP using the 35S promoter causes the same
ﬂoral phenotypes (Masiero et al., 2004; Yu et al., 2004).
In addition, in the ap1 mutant it was shown that AGL24
and SVP are up-regulated in the ﬂoral meristem and this
ectopic expression probably causes the ﬂoral reversion
observed in the ap1 mutant (Masiero et al., 2004; Yu
et al., 2004; Liu et al., 2007). This was supported by the
fact that, in the agl24 ap1 and the svp ap1 double
mutants, the ﬂoral reversions were signiﬁcantly reduced.
The fact that overexpression of all the StMADS11-like
genes, including active endogenous and biologically in-
active heterologous (at least in Arabidopsis), cause the
same ﬂoral phenotypes in Arabidopsis, suggests that these
phenotypic effects might not reﬂect the function (as
suggested by Yu et al., 2004) of these genes during plant
development. A more plausible explanation might come
from the yeast two-hybrid studies that showed that
OsMADS22 and OsMADS47 interact with all the MADS-
box proteins that also interact with AGL24 and SVP. The
constitutively expressed rice and Arabidopsis StMADS11-
like proteins might therefore interact with partner proteins
(AP1 might be a good candidate) at an inappropriate
moment of ﬂower development and therefore compete for
these factors with other MADS-box factors that normally
form complexes to control correct ﬂower development.
Supplementary data
Supplementary data can be found at JXB online. Table S1
shows the percentages of identity and similarity between
the rice and Arabidopsis StMADS11-like proteins.
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